Although crustaceans vary extensively in genome size, little is known about how genome size may affect the ecology and evolution of species in this diverse group, in part due to the lack of large genome size datasets. Here we investigate interspecific, intraspecific, and intracolony variation in genome size in 39 species of Synalpheus shrimps, representing one of the largest genome size datasets for a single genus within crustaceans. We find that genome size ranges approximately 4-fold across Synalpheus with little phylogenetic signal, and is not related to body size. In a subset of these species, genome size is related to chromosome size, but not to chromosome number, suggesting that despite large genomes, these species are not polyploid. Interestingly, there appears to be 35% intraspecific genome size variation in Synalpheus idios among geographic regions, and up to 30% variation in Synalpheus duffyi genome size within the same colony.
Introduction
Snapping shrimps in the genus Synalpheus (Alpheidae) are some of the most diverse and abundant decapod crustaceans inhabiting coral reef habitats across the globe (Felder and Chaney 1979) . The clade referred to as the Synalpheus gambarelloides species group is restricted largely to the Caribbean and contains more than 45 currently described species (Morrison et al. 2004; Hultgren and Duffy 2011) . Species in the gambarelloides group live symbiotically within the canals of marine sponges (Hultgren and Duffy 2012) and exhibit a wide range of body sizes, with bigger species generally inhabiting sponge species with larger canals (Hultgren and Duffy 2010) . Although most well known for their variation in social behavior, including the only known eusocial species in the marine environment (Duffy 1996; Duffy and Macdonald 2010) , increasing knowledge of phylogeny, biogeography, and host use of Synalpheus (Duffy 1996; Morrison et al. 2004; Macdonald et al. 2006; Duffy 2011, 2012) make them a potential model system for the study of speciation in the sea.
Phylogenetic data suggest that the gambarelloides group underwent a large and rapid diversification within the last 5-7 Ma, as well as a smaller diversification event ϳ4 Ma, most likely associated with reef changes caused by the formation of the Isthmus of Panama (Morrison et al. 2004) . Early genetic studies on Synalpheus brooksi found some evidence for sponge host-associated genetic divergence and the potential for cryptic speciation (Duffy 1993 (Duffy , 1996 , and subsequent studies have provided additional evidence that different shrimp species are quite host specific, often only occupying one or a few sponge hosts throughout their geographic range (Macdonald et al. 2006; Hultgren and Duffy 2010) . However, other mechanisms and processes that shaped the speciation and diversification of the Synalpheus gambarelloides species group remain largely unstudied.
In many taxa-particularly in plants-species divergence is associated with large changes in nuclear DNA content, either involving whole-genome duplication (i.e., polyploidy; Wood et al. 2009 ) or large-scale transposable elements proliferation (Kidwell 2002; Piegu et al. 2006) . Genome duplication as a mechanism of speciation is well recognized as being important in angiosperms and ferns (De Bodt et al. 2005; Soltis et al. 2009 ), but it tends to be rarer and more phylogenetically diffuse and restricted to examples of ancient genome duplication (paleopolyploidy) in animals (Gregory and Mable 2005) . Moreover, genome duplication is better studied in plants than in animals, so it is likely that more examples await discovery.
Genome size is often thought to be constant within a species (hence the term C-value), but intraspecific variation in genome size has been reported in a number of animals (e.g., Tribolium beetles, Alvarez-Fuster et al. 1991; caridean shrimp, Bonnivard et al. 2009; Drosophila, Ellis et al. 2014) . Although many cases of intraspecific variation in genome size may be the result of methodological errors in genome estimation (Greilhuber 1998) or occur between geographically isolated populations with some genetic differences separating them (Greilhuber 2005) , there are a variety of mechanisms that can give rise to within-species variation in genome size, also known as orthodox variation in genome size (Greilhuber 1998) .
Crustaceans exhibit extensive diversity in genome size, even within some major groups. Decapod crustaceans, for example, vary more than 40-fold in genome size among species (1.07-40.89 pg, where 1 pg = 978 Mb; Gregory 2015). In some groups, such as copepods, genome size is positively correlated with body size (Wyngaard and Rasch 2000; Wyngaard et al. 2005) , a pattern thought to be driven by the correlation between genome size and cell size that can lead to larger bodies in groups with determinate growth. Genome size data are generally lacking for the alpheid shrimp, the most speciose family of shrimp and the one that includes Synalpheus. The four published estimates of genome size for alpheid shrimps range from 4.10 to 16.31 pg (Bachmann and Rheinsmith 1973; Rheinsmith et al. 1974) , though unpublished data suggest genome sizes ranges at least up to 29.05 pg (Alpheus simus; N.W. Jeffery and C. Hurt, unpublished data). Polyploidy is common in branchiopod crustaceans such as Daphnia (Dufresne and Hebert 1998) and Artemia (Zhang and King 1993) , but it has not yet been described in decapod crustaceans. Recently, Rubenstein et al. (2008) observed evidence based on microsatellite duplications that was consistent with polyploidy or major genome duplication within Synalpheus.
Here we examine interspecific, intraspecific, and intracolony variation in genome size among 39 species of Synalpheus snapping shrimp sampled from across the Caribbean. This dataset represents a first step towards exploring how genome size changes and (or) genome duplications may have been associated with diversification in Synalpheus. In Synalpheus, body size is variable among species and crucially important in host use, as it not only limits the range of sponge hosts a particular shrimp species can use (Duffy 1993; Hultgren and Duffy 2010) but also mediates interspecific competition when multiple shrimp species inhabit an individual sponge (Hultgren and Duffy 2012) . Thus, we also examine the relationship between genome and body size (i.e., carapace length) and explore the degree of phylogenetic signal in genome size. We also assess the potential correlates (geography, year) of intraspecific variation in genome size in the two shrimp species with some of the widest geographic ranges and the largest and most variable genomes. Finally, to shed more light on ploidy levels in Synalpheus, we present preliminary data on chromosome number and size from four species with different genome sizes.
Methods

Ethics statement
All necessary permits for collecting and handling shrimps were obtained from the respective agencies. All animals were cared for according to the Guide for the Care and Use of Experimental Animals.
Specimen collection
Shrimp were collected from 1998 to 2014 in different regions in the Caribbean, including the following: Carrie Bow Cay, Belize; Bocas Del Toro, Panama; Discovery Bay, Jamaica; various sites on the southern side of Curaçao; Jardines de la Reina archipelago, Cuba; various sites on the southern side of Barbados; Lee Stocking Island, Bahamas; and Florida Keys, Florida, USA. Samples were preserved in 95% ethanol at room temperature (20°C), and gills were dissected for genome size estimation. We measured body size as the maximum carapace length (in mm) of the shrimp (for details see Duffy and Macdonald 2010) .
Although prior studies suggest that variation in EtOH preservation time does not bias genome size estimates using Feulgen densitometry (Jeffery and Gregory 2014), because we were working with samples collected over a 12-year period, we tested whether preservation length could have influenced our genome size estimates by run-ning a general linearized mixed model with time between preservation and analysis as a fixed effect, species as a random effect, and genome size as the dependent variable. We found no effect of preservation time on our genome size estimates (F [1,364.1] = 0.51, P = 0.48).
Species identification
Species were identified with light microscopy using recent taxonomic keys (Rios and Duffy 2007) and when necessary, validated using genetic barcoding (sensu Hultgren and Duffy 2011) . For a subset of species that had wide geographic ranges and showed appreciable intraspecific variation in genome size (S. idios and S. duffyi), we also sequenced the 5= barcoding region of the cytochrome oxidase I (COI) mitochondrial gene for a subset of individuals (S. idios, n = 11: S. duffyi, n = 12) to test whether individuals with divergent genome sizes represented cryptic species (i.e., whether genome size divergence correlated with genetic divergence). DNA extraction, primers, and PCR protocols have been extensively described elsewhere (Hultgren and Duffy 2011) . Briefly, we sequenced amplified PCR product on a Prism 3730xl sequencer (Applied Biosystems Inc.), and forward and reverse sequences were verified and trimmed using Sequencher v4.8 (Gene Codes Corporation). We calculated Kimura 2-parameter genetic distance using the program Mega v6.06 (Tamura et al. 2013 ).
Genome size estimation
Fixed gills were dissected on a glass microscope slide in 40% (v/v) acetic acid to soften the tissue for Feulgen image analysis densitometry (FIAD) (Hardie et al. 2002) . Gill tissue has previously been used in genome size studies in crustaceans, and is a diploid tissue whose nuclei show intermediate levels of compaction relative to muscle cells or haemolymph (Deiana et al. 1999; Jeffery and Gregory 2014) . This method allowed us to avoid measuring any nuclei from endopolyploid tissues, which are common in crustaceans (Neiman et al. 2015) . The resulting cell suspension was then flattened with a coverslip that was held onto the slide by three clothespins. Slides were frozen on dry ice for roughly 5 min, after which time the coverslip was "flipped" off the slide using a razor blade. Each slide was immersed in 95% EtOH for 1 min and allowed to air dry in the dark. Feulgen staining followed the protocol described in detail by Hardie et al. (2002) . Briefly, slides were fixed in a methanol -formalinglacial acetic acid mixture of 85:10:5 overnight and rinsed in deionized water the following morning. The slides were then hydrolyzed in 5 mol/L HCl for 120 min at room temperature, followed by staining in Schiff reagent for 120 min. This was followed by a series of bisulfite and deionized water rinses. Chicken (Gallus domesticus, 1C = 1.25 pg) erythrocytes were used as the primary standard, with rainbow trout (Oncorhynchus mykiss, 1C = 2.60 pg) blood included as an additional check of staining reliability. All slides were analyzed with the Bioquant Life Science image analysis software using a Leica DM2500 microscope and a Retiga EXi digital camera. We measured a minimum of 20 (mean = 33) nuclei per slide.
To validate our FIAD measurements, we also estimated genome size of live specimens using flow cytometry for two species, S. brooksi and S. pectiniger. Since gill tissue did not yield enough nuclei for flow cytometry, we instead homogenized thoracic appendages in 500 L ice-cold LB01 detergent buffer and added rainbow trout blood cells as an internal standard. The homogenized tissue was filtered through a 30 m nylon filter. We then added 12 L propidium iodide with 2 L RNase, and stained for 1 h in the dark. All samples were run on an FC500 flow cytometer (Beckman-Coulter) using a 488 nm blue laser, providing output as single-parameter histograms showing relative fluorescence between the standard nuclei and the shrimp nuclei. We found that both methods gave qualitatively similar estimates of genome size (10.88 vs. 11.45 pg for S. brooksi and 12.79 vs. 14.72 pg in S. pectiniger using FIAD and flow cytometry, respectively). The slight differences among the two methods could be due to differences in tissue nucleus compaction levels or differences in stain uptake by the nuclei, but they are most likely due to differences in the tissues used for the two methods. We note the FIAD measurements from Synalpheus gill tissue and hemolymph gave tissue-specific differences of similar magnitude (Table S1 1 ).
Chromosome preparation
Ratios of 0.5-1.5:10 stock colchicine solution (0.1% w/v) were added to seawater containing a single live shrimp for 3-8 h. The best preparations resulted from 1.5:10 stock dilution with the shrimp in solution for 8 h, though exposure to colchicine for this long may result in chromosome condensation (J. Bogart, pers. comm.). Shrimp were then placed in deionized water for 30-60 min to allow the cells to swell. We then fixed the specimens in Carnoy's (3:1 ethanol:acetic acid) and held at 4°C in the refrigerator. Embryos and hepatopancreas were dissected out of the shrimp and placed in separate 1.5 mL tubes in 100 L 70% (v/v) acetic acid to soften the tissue. The tissue was homogenized with a plastic pestle. The cell suspension was sucked into a glass pipette and dropped onto a glass microscope slide on a hot plate (60°C) from a height of ϳ30 cm. The excess fluid was sucked back into the pipette and the process was repeated until several rings of cells were made on each slide. The slides were then immersed in 95% EtOH and ignited by a Bunsen burner to fix the chromosomes to the slide. Each slide was stained in 5% modified Giemsa solution (Sigma-Aldrich product GS500) for 20 min. The slides were then rinsed in deionized water and allowed to air dry overnight. Images of chromosome spreads were taken at 100× magnification using a Leica DM LS compound microscope with mounted Optronics DEI-750 CE CCD camera and Bioquant Life Science software. Chromosome number was determined by counting distinct chromosomes on each slide, and chromosome size was measured using the Area function in the Bioquant software. Since our estimates of chromosome number were only approximate, we did not calculate estimates of variation. Additionally, we note that our success rate with these methods was quite low, likely because we found few ovigerous females whose embryos would provide a greater number of dividing cells than somatic tissue (Table S2 1 ).
Statistical analyses
We used a Wilcoxon signed-rank test to account for differences in variance and sample size to compare the mean IOD of male and female S. duffyi as a check for sex differences in genome size. The relationship between genome size and body size (measured as carapace length) was investigated using phylogenetic generalized least squares on log-transformed genome sizes and body sizes in the ape and nlme packages in R (Paradis et al. 2004; Pinheiro et al. 2013 ). The phylogenetic tree was taken from Hultgren and Duffy (2012) . Blomberg's K (Blomberg et al. 2003 ) was calculated using the phytools package (Revell 2012) to determine the distribution of genome size in relation to the phylogenetic relatedness of the species. A value of K = 1.0 suggests the trait in question is evolving under Brownian motion, while lower values approaching zero indicate a departure from Brownian motion evolution. This function also provides a p-value to determine if K is significantly different from a phylogeny with a randomized distribution. Because we only had estimates of chromosome size and number from four species, we used a general linear model (GLM) with the raw data to determine if chromosome number and size influenced genome size in these four species.
To determine if interspecific genome size variation among species was related to intraspecific geographic variation in genome size, or could be a result of differences in preservation time, we ran a GLM with site and year as fixed effects and the coefficient of variation in genome size as the dependent variable. If intraspecific variation in genome size was affected by geographic variation in genome size or variation in preservation time, we would expect a positive correlation between the coefficient of variation and these two variables. Additionally, for two species with the largest and most variable genomes (S. duffyi and S. idios), we tested whether geographic variation in genome size was related to genetic divergence in the COI gene using intraspecific pairwise comparisons. In this case, we would expect a positive relationship between genome size and genetic divergence as well as a positive correlation between genetic divergence and geographic distance. For each of these species, we first ran a GLM with site as a fixed effect. Then, we separately regressed percent difference in genome size (|individual 1 -individual 2| × average (individual 1, individual 2)) by percent genetic divergence (Kimura 2-parameter distance converted to percent divergence). For S. duffyi, which resides in eusocial colonies (Anker and Tóth 2008) , we examined divergence in genome size within a colony by collecting genome size data on 2-4 individuals per colony (often including the reproductive female queen) and calculating percent divergence amongst colony members ((maximum genome sizeminimum genome size) × (mean genome size) −1 ).
Results
Interspecific diversity in genome size
Across the 39 species of Synalpheus, mean ± SD genome sizes ranged from 4.83 ± 0.69 pg in S. thele to 20.74 ± 2.28 pg in S. duffyi, showing roughly 4-fold variation ( Fig. 1 ; Table S3 1 ). Phylogenetic signal of genome size was calculated as K = 0.34, indicating (i) a departure from a Brownian motion model of trait evolution and (ii) that genome size similarity between relatives was less than expected, as in the case where K ≥ 1.0. The phylogenetic signal was also not significantly different than expected from a randomized distribution (P = 0.17). We observed no relationship between genome size and body size (carapace length) (phylogenetic generalized least squares using the Ornstein-Uhlenbeck model on log-transformed data: F [1, 32] = 0.00051, P = 0.98; Fig. S1 1 ) .
Intraspecific patterns in genome size
Several Synalpheus species exhibited high (i.e., >10%) intraspecific variation in genome size (Table S3 1 ). The coefficient of variation (CV) in genome size was not related to differences in the number of sites ( [1, 35] = 0.24, P = 0.62) or years sampled ( [1, 35] = 0.11, P = 0.74) for each species.
After an initial screen showed that the most intraspecific variation in genome size occurred in S. duffyi and S. idios-the two species with the largest genomes-we examined these species further by increasing our sampling within and among sites. We sampled S. duffyi in Florida, Jamaica, and Cuba and S. idios from Barbados, Belize, Florida, and Curaçao. Although there was on average 2.7% divergence in COI among S. duffyi populations, there was little population-specific difference in genome size (F [3, 41] = 2.17, P = 0.11; Fig. 2) , and genome size variation was not correlated with COI divergence (t = -0.17, df = 64, P = 0.43). By contrast, while S. idios showed significant differences in genome size among populations (F [3, 18] = 27.29, P < 0.0006), genome size variation was uncorrelated with COI divergence (t = 0.45, df = 53, P = 0.33). Specifically, despite 0% COI divergence between Curaçao and Barbados, the Curaçao population had genome sizes that were on average 17.8% larger than those in Barbados (Tukey HSD: P = 0.0001; Fig. 2 ). Moreover, populations in Florida and Belize had on average 4.31% COI divergence from Curaçao, and 27.1% smaller genomes (Tukey HSD: P = 0.001 and P < 0.0001, respectively; Fig. 2 ).
In addition to the observed among-population intraspecific variation in two species of Synalpheus, we also examined intracolony variation in S. duffyi, which was sampled extensively from Jamaica and Florida. Synalpheus duffyi lives in large eusocial colonies, with one breeding female and associated colony members inhabiting a single sponge (Anker and Tóth 2008) . Synalpheus duffyi from different sponges (i.e., colonies) from one site in Jamaica showed up to 35% variation in genome size (range = 17.38-24.66 pg). This variation did not appear to be related to differences in host sponges; although S. duffyi occurred in two different sponge species in Jamaica, there were no consistent differences in mean genome size between hosts (F [1,5] = 0.36, P = 0.57). To our surprise, we also observed high variation in genome size among S. duffyi individuals sampled from the same sponge; because in all cases these individuals were found with only one breeding female, we assumed that these individuals were from the same colony. In one S. duffyi colony from Jamaica (sponge 74), genome size varied 29% among individuals (CV = 0.14, range = 18.14-23.86 pg); in three independent S. duffyi colonies from Florida (sponges 28, 49, 84), genome Table S4 1 . There was 0% COI divergence between Barbados and Curaçao populations of S. idios, but there was between 1.09% and 4.31% divergence among all other populations in both species. (C) Histograms of genome sizes for S. duffyi and S. idios from each sampling location, showing specimens also sequenced for COI (black bars) and specimens without COI sequences (gray bars). Both species show similar distributions of genome size variation (top panels). S. duffyi shows little variation in genome size among populations despite population divergence in COI. In contrast, S. idios shows variation in genome size between Barbados and Curaçao despite 0% COI divergence. size varied from 25% to 30% within an individual colony (CV = 0.13-0.15, range = 16.65-23.19 pg). We were unable to sample enough individuals to test the generality of this pattern in Cuban populations of S. duffyi.
To determine if these unexpected intracolony differences in genome size could be related to sex, we measured the integrated optical densities (IODs) of gill nuclei from histologically sexed individuals that were previously embedded in paraffin. IOD was used as a proxy for genome size as this measure correlates strongly with DNA content across a wide range of genome sizes (Hardie et al. 2002) . Since S. duffyi are likely sequential hermaphrodites and can only be sexed through histological analysis (Chak et al. 2015) , our sampling was limited and we could not measure absolute genome size of these specimens because they were fixed in paraffin. Nonetheless, we observed no difference between the mean IODs of 4 male and 18 female shrimp (W = 42, P = 0.65; 16 291 vs. 15 068 mean IOD for male and female, respectively).
Chromosome number and size
To determine if the large genome sizes in Synalpheus shrimps could be due to whole or partial genome duplication, we examined chromosome number and size in four species. Despite substantial differences in genome size, S. pectiniger (GS = 12.79 pg) and S. ruetzleri (GS = 6.57 pg) had diploid chromosome counts of approximately 2n = 80 chromosomes. Similarly, S. brooksi (GS = 10.88 pg) and S. williamsi (GS = 6.44 pg) differed greatly in genome size, but they had chromosome counts of approximately 2n = 100 (Fig. 3) . Genome size in these four Synalpheus species was positively related to chromosome size (F [1, 3] = 4.88, P = 0.048) but not chromosome number (F [1, 3] = 0.14, P = 0.11; Fig. S2 1 ) .
Discussion
Synalpheus shrimps exhibited high inter-and intraspecific variability in genome size. Among the 39 species in the gambarelloides group analyzed here, we observed a 4-fold variation in genome size across species. Despite strong variation in both body size and genome size in Synalpheus, we found no relationship between these two variables, suggesting that selection for differences in body size occurred independently of changes in genome size. Because there was also little phylogenetic signal in this diversity, genome size appears to be less conserved than expected among related species. This indicates a departure from a Brownian motion model of genome size evolution (Blomberg et al. 2003) and suggests that genome size varies continuously in some parts of the phylogeny, but it shows discrete jumps in other parts. Across major eukaryotic clades, genome size has been suggested to evolve under a Brownian model of evolution, but this varies by taxon (Oliver et al. 2007) .
We revealed evidence of high intraspecific variation in the two species with the largest genomes, S. duffyi and S. idios. Much of the variation within S. idios was due to geographic variation in genome size among populations from Florida, Belize, Barbados, and Curaçao. Geographic variation in genome size, however, could not be explained by genetic divergence among populations. Specifically, individuals from Curaçao had consistently larger genome sizes than those from other populations, despite 0% COI divergence between Curaçao and Barbados populations. Conversely, while S. duffyi exhibits high COI divergence among populations (populations from Cuba were average 2.7% divergent from populations in Florida and Jamaica), this genetic variation was not correlated with variation in genome size (Fig. 2) . This divergence in COI is consistent with divergence previously detected by Hultgren et al. (2014) who observed 1.2% mean intraspecific divergence in COI within Synalpheus and 8.1% divergence between sister species. Thus, the intraspecific variation in genome size observed in these two species of Synalpheus shrimps is not related to genetic population differentiation. This may imply that genome size has changed rapidly in the different populations.
We also observed variation in genome size among colonies of S. duffyi at a single site in Jamaica (up to 35% variation in genome size within a single colony), and within multiple individual colonies in Florida and Jamaica (up to 30%). Although it is possible that this genome size variation is due to experimental error, it appears to be 'orthodox' sensu Greilhuber (2005) , as there was no relationship between the time preserved in ethanol and genome size, the lighting was standardized for all slides to account for background darkness, and differences in nucleus size were not due to compaction level. Thus, the most likely explanation for these differences is the differential proliferation (and (or) deletion) of transposable elements among populations. This hypothesis has previously been suggested as the mechanism of genome size variation in various plant species (e.g., Rayburn and Auger 1990; Bennetzen et al. 2005) but has not been studied in depth within animals or crustaceans specifically. Transposable elements have been characterized from different crustacean lineages (e.g., Casse et al. 2006; Vergilino et al. 2013) , though their direct contributions to differences in genome size have not yet been quantified.
Previous studies of microsatellite data from multiple species of Synalpheus were consistent with a signature of genome duplication (Rubenstein et al. 2008 ), but our limited analysis of four species with genome sizes of approximately 6 and 10-12 pg revealed no evidence of polyploidy (i.e., there was no correlation between genome size and chromosome number). Because we observed that genome size was positively correlated with chromosome size (but not number), segmental duplications, or paleopolyploidy (i.e., ancient polyploidy in the lineage of the shrimps that may be difficult to detect due to duplicate gene deletion over evolutionary time; Garsmeur et al. 2014 ) may explain the microsatellite data (Rubenstein et al. 2008 ) and the large genome sizes in many species of Synalpheus.
However, we cannot completely rule out that species with larger genomes, including S. duffyi and S. idios, may be polyploid relative to species with smaller genomes. Unfortunately, even after repeated tries, we were unable to get useable samples from S. duffy and S. idios, the two species with the largest genomes. Nonetheless, since we found a correlation between genome size and chromosome size in four species of Synalpheus, gene duplications or repetitive DNA-especially transposable element proliferation (Kidwell 2002) -are most likely to be the primary determinant of differences in genome size among Synalpheus shrimps. In summary, we not only found extensive interspecific variation in genome size within the genus Synalpheus, but also widespread intraspecific variation within the two species that had the largest genomes, as well as intracolony variation in one of these species. The next step in studying genome size evolution in Synalpheus will be to examine the reasons why some species show intraspecific variation within and among populations and others do not. Finally, additional quantitative data on behavior and phylogenetic relationships for Synalpheus in the gambarelloides group (especially for newly described species) will enable future studies on the relationships among genome size and other life history parameters (e.g., social system and reproductive mode), with important implications for the study of genome size evolution and diversification in this group.
